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A novel combined hydrogen storage system LiBH4/[C(NH2)3]
+[BH4]
 (GBH) complexes were reported.
By a short time ball milling of LiBH4 and guanidinium chloride, a series of new LiBH4/GBH complexes
were produced. It was found that the two potential hydrogen storage materials exhibited a mutual
dehydrogenation improvement, releasing >10.0 wt.% of fairly pure H2 from LiBH4/GBH below 250
C.
Further investigations revealed that balancing the protic and hydridic hydrogens, and the complexation
between LiBH4 and GBH, are two important roles in the improvement of the dehydrogenation of this
system, which may serve as an alternative strategy for developing a new metal borohydride/B–N–H
system with favourable dehydrogenation.
Introduction
Solid-state hydrogen storage systems hold great promise for on-
board applications. Key criteria for a successful system are high
storage capacity, suitable thermodynamics, and fast hydriding
and dehydriding kinetics. Nowadays, several methods, including
physical means, sorbents, metal hydrides, chemical hydrides and
ammonia complexes, have been developed to achieve these
criteria.1 Among these expanding candidates, hydrides based on
lightweight elements are considered the most feasible solution for
meeting established long-term goals with respect to gravimetric
and volumetric hydrogen capacities.1,2 One of the typical systems
studied consists of alkali and alkali–earth metal borohydrides,
such as LiBH4, Mg(BH4)2, and Ca(BH4)2.
1,3 Among them,
LiBH4 holds the maximum hydrogen capacity of 18.4 wt.%.
However, the poor thermodynamic and kinetic properties of this
borohydride are insurmountable drawbacks to its practical
application.3 Literature protocols showed that many additives
including metals,4 hydrides,4–6 halides,6 oxides,7 carbon8, or
nano-confinement9 can improve the dehydrogenation and rehy-
drogenation properties of LiBH4. However, normally a large
amount of additives or templates should be utilized, which
will largely reduce the hydrogen capacity of LiBH4-based
composites.
Comparatively, B–N–H composites, from another typical
lightweight element system, have also been of general interest for
chemical hydrogen storage recently, providing high weight-
percent hydrogen materials where the corresponding protic and
hydridic character of the hydrogens on the nitrogen and boron,
respectively, allow a facile H2 release pathway.
1 Up to now,
a series of B–N–H materials, such as ammonia borane (AB),10
metal amidoboranes (LiAB, NaAB),11 guanidinium borohydride
(GBH),12 hydrazine borane (HB),13 ammonia borohydride
complexes,14 etc.15 have been developed. All these candidates
were low or moderate temperature hydrogen-supply sources with
relatively large capacities. Among them, GBH with a theoretical
H2 capacity of 13.5 wt.% H2 was found to be a promising, low-
cost, reliable, and safe high-density chemical hydrogen storage
source for applications where fast hydrogen generation on
demand is required.12 However, along with hydrogen evolution,
a significant release of ammonia is also observed during heating,
which is fatal for fuel cell operation. To overcome this drawback,
common strategies for the B–N–H systems, i.e. additives and
nano-confinement, may be used for the modification of GBH,
but the hydrogen capacity reduction is inevitable. Therefore, it is
meaningful to develop a new strategy to improve the hydrogen
storage properties of these promising candidates, without
reducing their hydrogen capacities. In this paper, we report
a novel combined system of LiBH4/GBH complexes. Interest-
ingly, our results showed that the two potential hydrogen storage
materials exhibited a significant mutual dehydrogenation
improvement. The binary system shows improved dehydroge-
nation compared with LiBH4 and GBH alone, releasing
>10.0 wt.% of fairly pure H2 from LiBH4/GBH below 250
C. It
revealed that balancing the protic and hydridic hydrogens, and
the complexation between LiBH4 and GBH are two important
factors that account for this improvement. Further studies sug-
gested that this method could serve as a general strategy for the
modification of metal borohydride and B–N–H systems, as well
as developing new lightweight element systems with favourable
dehydrogenation.
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Experimental
Reagents and synthesis
The raw materials were obtained commercially, namely, LiBH4
(95%), NaBH4 (95%), Ca(BH4)2 (95%) (Alfa Aesar, USA) and
guanidinium chloride (98%) (CH5N3$HCl, Alfa Aesar, USA)
were used without further purification, with all handling proce-
dures conducted under an argon atmosphere. Approximately
0.5 g mixtures of LiBH4–CH5N3$HCl with various mole ratios of
1 : 1, 2 : 1, 3 : 1 and 4 : 1 were mechanically milled for 60 min
(planetary QM-1SP2) under argon using stainless steel spheres
with a ball-to-power ratio of 30 : 1 to produce GBH, and GBH/
LiBH4 mixtures with mole ratios of 1 : 1, 1 : 2, 1 : 3 and 1 : 4.
The milling process was carried out alternating between 6 min of
milling and 6 min of not milling, in order to avoid an increase in
temperature of the powders in the vial. NaBH4–CH5N3$HCl and
Ca(BH4)2–CH5N3$HCl mixtures were prepared using the same
procedure. All the procedures of the powder handling both
before and after milling were carried out in a glove box under an
argon atmosphere.
Instrumentation and analyses
Hydrogen release property measurements were performed by
thermogravimetry/differential thermal analysis (TG/DSC, STA
449 C) connected to a mass spectrometer (MS, QMS 403) using
a heating rate of 10 C min1 under a 1 atm argon atmosphere.
Typical sample quantities were 5–10 mg, which is sufficient for
getting accurate results due to the high sensitivity of the
employed equipment. Temperature-programmed desorption
(TPD) was also performed to determine the decomposition
behavior of the sample on a semi-automatic Sievert’s apparatus,
connected with a reactor filled with sample (0.1 g) under an
argon atmosphere (1 bar) at a heating rate of 5 C min1. For all
calculations of hydrogen capacity, the content of LiCl was not
considered.
The H2 and NH3 contents within the emission gas were
determined using gravimetric and volumetric results. Firstly, the
mass percent (Wp) and mole per gram (Mp) of gas released from
the sample were calculated from the weights of the samples and
volumetric results, then the mole proportion of H2 (CH2) and
NH3 (CNH3) can be calculated from the follow two equations,
CH2 + CNH3 ¼ 1 (1)
((CH2  2.02) + (CNH3  17.03))  Mp ¼ Wp. (2)
High-resolution X-ray powder diffraction (XRD) data were
collected on the Powder Diffraction Beamline, Australian
Synchrotron by using a Mythen detector. For phase identifica-
tion and structure determination, samples were loaded into pre-
dried 0.7 mm glass capillary tubes inside the argon atmosphere
glove box, and sealed with vacuum grease for X-ray diffraction
measurements. The decomposition behaviour of the sample was
also studied by in situ XRD, by heating the sample with
a Cybostar hot gas blower. For in situ high temperature
measurements, the sample was kept under an argon atmosphere.
The sample was then heated from 30 C to 200 C at temperature
intervals of 10 C, at a heating rate of 6 C min1, and the data
collected for 8 min at each point. The wavelength for all these
measurements was 1.30419 A.
The powder X-ray diffraction (XRD, Rigaku D/max 2400)
measurements were also conducted to confirm the phase struc-
ture. Powders were spread and measured on a Si single crystal.
Amorphous polymer tape was used to cover the surface of the
powder to avoid oxidation during the XRD measurement.
FT-IR (Magna-IR 550 II, Nicolet) analyses were conducted to
confirm the chemical bonds in the sample. Products were pressed
with KBr and then loaded in a sealed chamber for the
measurement.
Solid-state MAS NMR spectra were measured using a Bruker
Avance 300 MHz spectrometer, using a Doty CP-MAS probe
with no probe background. The powder samples collected after
the decomposition reaction was spun at 5 kHz using 4 mm ZrO2
rotors filled up in purified argon atmosphere glove boxes.
A 0.55 ms single-pulse excitation was employed, with repetition
times of 1.5 s.
Results and discussion
Hydrogen desorption properties
Mass spectrometry (MS) and thermogravimetric (TG) analysis
results for GBH and the GBH/LiBH4 composites are shown in
Fig. 1. For the GBH sample, a two-step decomposition was
observed, with a total weight loss of 26.7 wt.% by 400 C. The
first step is a mixed evolution of H2 and NH3, occurring between
90 to 150 C, while the second step from 150 to 400 C is
dominated by NH3 release. As no borane evolution was observed
over the studied temperature range the weight loss may be
ascribed to the release of H2 and NH3 (Fig. S1†). This decom-
position performance is similar to that in a previous report.12 The
fact that ammonia evolution without hydrogen occurs above
200 C indicates only partial consumption of NH in the GBH,
which may result from insufficient BH in the initial system. In
contrast, the MS results for the GBH/LiBH4 (mole ratio of 1 : 1,
named S1) and GBH/LiBH4 (mole ratio of 1 : 2, named S2) show
that the evolution of NH3 was suppressed and the release of H2
was significantly improved. Meanwhile, it shows that following
Fig. 1 MS of m/e ¼ 2 (H2) and m/e ¼16 (NH3), and TG profiles
for GBH/LiBH4 composites of various mole ratios. The heating rate is
10 C min1.




































































the first peak of hydrogen release at around 100 C, there is
another major release peak centered at 220 C; these events do
not coincide with ammonia evolution as in GBH.Meanwhile, the
onset temperature of the first dehydrogenation step was reduced
from 90 C for GBH to 67 C and 53 C for samples S1 and S2,
respectively. Hence, it is supposed that supplementation of more
B–Hmay be an effective route to consume the excess N–H bonds
in GBH, leading to continuing hydrogen release and reduction in
the evolution of ammonia.
A summary of the gravimetric and volumetric measurement
results, from the decomposition of GBH and GBH/nLiBH4
composites (where n ¼ 1, 2, 3) are listed in Table 1. It can be seen
that the ammonia concentration was reduced from 12.0% for
GBH to 0.9% and 0.5% for S1 and S2, respectively. The
isothermal dehydrogenation results from sample S2 (Fig. 2) show
that favorable dehydrogenation kinetics can be obtained at
temperatures above 100 C, from which hydrogen capacities of
4.3 wt.%, 5.4 wt.%, and 7.7 wt.% were released within 30 min at
100, 120, and 150 C, respectively. The fact that the hydrogen
capacity is temperature dependent could be ascribed to its step-
wise decomposition, as shown in Fig. 3, in which 3.1, 1.0, and
1.7 equiv. of H2 were released from the three stages. On further
increasing the LiBH4 content in the mixture (GBH : LiBH4, 1 : 3,
named S3), the concentration of ammonia released was reduced
to <0.1%, suggesting that the increased LiBH4 may further
contribute to the ammonia suppression. In addition, an extra
hydrogen desorption peak centered at 360 C appeared for the S3
sample (Fig. 4), which may be due to the decomposition of excess
BH groups. However, this temperature is still 100 C lower than
that of the pure LiBH4. The results above clearly indicate that
a mutual dehydrogenation improvement between LiBH4 and
GBH was achieved. However, attempts to recharge the decom-
position products of S2 at 280 C and 6.5 MPa of H2 for up to
10 h were unsuccessful. This may be ascribed to its exothermic
reaction (Fig. S2), which indicates that indirect chemical routes
will have to be adopted to regenerate the composite from its
decomposed products, as in the case of other boron–nitrogen
systems.16
Structure analyses
The XRD results of GBH/LiBH4 composites with various mole
ratios revealed that the phase related to LiBH4 disappeared in the
samples with mole ratios of 1 : 1 (S1) and 1 : 2 (S2), while
reappeared in the samples with mole ratios of 1 : 3 and 1 : 4
(Fig. S3†), suggesting the reaction of GBH with LiBH4 to form
new compounds with mole ratios below 1 : 2. It was supposed
that the new compounds were complexes of GBH and LiBH4
based on the N:/Li+ coordination bond. Furthermore, high-
resolution synchrotron X-ray diffraction results also revealed
that diffraction patterns of S1 and S2 reaction products are
different to those of the starting materials, and to each other;
thereby further confirmed the reaction of GBH with LiBH4 to
form new compounds (Fig. 5, S4†). The diffraction pattern of S1
was indexed to a monoclinic unit cell using program DIC-
VOL06.17 The space group P1a1 and P12/a1 can be assigned
based on systematic absences. As in GBH, the C–N skeletal
structure of the cations remains mostly intact during the
hydrogen release reaction, the starting model of the [C(NH2)3]
+
group taken from12 is treated as a rigid body with flexible torsion
between C–N atoms, and the [BH4]
 group as a tetrahedral rigid
body with a fixed B–H distance. The structure was solved as the
space group P1a1 (No. 7) by global optimization in direct space
using the program FOX.18 Rietveld refinement was performed
using Topas v4.2,19 and the refined lattice parameters are
a ¼ 17.2111(2) A, b ¼ 6.7501(1) A, c ¼ 13.2366(1) A, and
b ¼ 108.5185(6). The result of Rietveld refinement is shown in
Fig S5,† and the LiC(NH2)3(BH4)2 crystal structure is shown in
Fig. 6; the experiment, refinement results and atomic coordinates












GBH, this study 0 7.4 88.0 2.8
GBH + 1LiBH4 22.5 12.1 99.1 5.9
GBH + 2LiBH4 36.8 11.1 99.5 5.8
GBH + 3LiBH4 53.4 10.2 99.9 7.1
GBH + 2NaBH4 50.2 — 95.6 3.6
GBH, ref. 12 0 10.6 95.9 3.9
a The GBH/Li(Na)BH4 mixtures were heated in 1 bar argon from 30 to
300 C with a heating rate of 5 C min1 for calculations of H2
evolution. b H2 content in the released gas.
Fig. 2 Isothermal TPD results for GBH/2LiBH4.
Fig. 3 TPD result and its differential curve (DTPD) for GBH/2LiBH4.
The heating rate is 5 C min1.




































































are summarized in Table 2 and Table S1.† The structure can be
described as shifted stacked layers of C(NH2)3 molecules similar
to the GBH structure, but with the Li atoms positioned in the
voids between the layers. The Li atoms have two different types
of coordination environments, Li1, Li2 are surrounded by BH4
and NH2 groups with an Li–B distance of approximately 2.652 A
and Li–N distances of 2.154 to 2.874 A. Li3, Li4 are surrounded
by BH4 groups with Li–B distance 2.075 to 2.795 A. A close
contact distance between Li+ and N of length 2.154 A and
2.214 A can be found, confirming the existence of the N:/Li+
coordinate bond.
To further understand the decomposition process for the
GBH/LiBH4 mixtures, high-resolution in situ XRD and ex-situ
XRD, 11B solid state nuclear magnetic resonance (11B NMR) and
Fourier transform infrared (FTIR) measurements were con-
ducted for S2 and GBH samples. Fig. 7 and Fig. S6† shows the
high-resolution in situ XRD results of S2 ranging from 40–
200 C. At 40 C, two main phases of GBH/LiBH4 and LiCl were
observed. Upon heating the sample in an argon atmosphere, no
apparent change was observed until 90 C at which point all the
peaks assigned to GBH/LiBH4 disappeared, suggesting the
decomposition of this composite, consistent with the thermal
decomposition analysis. Meanwhile, no appearance of LiBH4 or
other unknown phases were observed, indicating the involve-
ment of LiBH4 in the dehydrogenation reaction and the amor-
phous structure of the decomposition products. Further heating
leads to no apparent variation and finally yields products of only
crystalline LiCl at 200 C. A similar trend was observed for GBH
(Fig. 8) using ex-situ XRD analysis. The 11B NMR results for
GBH showed a single boron species resonating at 38.5 ppm
(Fig. 9), in agreement with previous reports.20 In the case of S2,
an asymmetric B nucleus peak at 40.5 ppm, between that of
GBH and LiBH4, was observed, which may be assigned to BH4
,
induced by GBH and LiBH4. Upon heating S2 to 150
C,
a principal signal at around 40.4 ppm can be observed, corre-
sponding to residual BH4
, and another three signals at
4.6 ppm, 12 ppm, and 15.4 ppm appear, which may be due to
the combination of its B–H and N–H, resulting in tetravalent
borane nitrogen substances for four and two bound guanidinium
units and minor tricoordinated B atoms, respectively.21 On
heating S2 further to 300 C, two kinds of tridentate B nucleus
peaks at 17.0 and 2.0 ppm, corresponding to the formation of
BN3 and/or BN2H,
20 together with a signal at 40.7 ppm for the
residue BH4
, were observed. The above results indicate that the
dehydrogenation mechanism in S2 may be similar to that of
other B–N–H systems,11–15,20 i.e. hydrogen release occurs through
the combination of BH and NH, resulting in the formation of
amorphous BN–heterocycles.
FTIR results (Fig. 10) revealed that similar frequencies to
those assigned to B–H and [C(NH2)3]
+ were present in GBH and
S2,22 i.e., the B–H stretching band in the region between
2400 cm1and 2200 cm1, the BH2 deformation at 1123 cm
1, and
the ‘‘scissor’’ motions of the C, N, and H atoms at1600 cm1. It
is worth noting that the intensity of the NH2 scissors was
distinctly reduced as the content of LiBH4 increased, which may
result from the contribution of excess B–H from LiBH4 forming
novel GBH/LiBH4 complexes with the N–H bonds. Upon
heating, vibrations assigned to NH groups still remained in
GBH, even after heating to 300 C, but the intensity of the BH
groups was reduced gradually and almost disappeared during
heat treatment to 300 C, suggesting insufficient B–H supplement
to consume the N–H in GBH. Conversely, in the case of S2,
vibrations assigned to BH groups remained during heat
Fig. 4 MS profiles of m/e ¼ 2 (H2) for LiBH4 and GBH/3LiBH4. The
heating rate is 10 C min1.
Fig. 5 Comparison of calculated XRD patterns of GBH, LiBH4 with
high-resolution XRD patterns of GBH/LiBH4 and GBH/2LiBH4.
Fig. 6 3-dimensional crystal structure of GBH-LiBH4. The light blue
tetrahedral building blocks are BH4
.




































































treatment to 300 C, suggesting excessive supplement of B–H
bonds, but vibrations assigned to NH groups were reduced
gradually and finally disappeared at 300 C, consistent with the
step-wise dehydrogenation indicated by the temperature
programmed desorption (TPD) result (Fig. 3), suggesting
different or varied reactivity of the protonic H of NH2 in
combination with B–H groups during the decomposition.
Meanwhile, a distinct intensity reduction for the CN3 vibrations
was observed for both GBH and S2 upon heating, indicating
variation of the C–N skeletal structure.
According to the above analysis, although the intermediate
phase is not very clear currently, it is concluded that the dehy-
drogenation of GBH/LiBH4 composites is also based on the
combination mechanism of Hd+ and Hd,11–15,20,23 and that LiBH4
is able to introduce an effective Hd source through the coordi-
nation between GBH and LiBH4, forming new complexes,
enabling the acheivement of the balance of B–H and N–H for the
combination.24
Table 2 Summary of experiment and crystallographic details for the GBH/LiBH4 (S1) complex
Formula sum Li8 B16 H112 C8 N24
Formula weight 773.638 g mol1
Crystal system Monoclinic
Space-group P1a1 (7)
Cell parameters a ¼ 17.2111(2) A, b ¼ 6.7501(1) A, c ¼ 13.2366(1) A, b ¼ 108.5185(6)
Cell volume 1458.11 A3
Z 2
Calc. density 0.8809 g cm3
Pearson code mP168
Wyckoff sequence a84
2theta, deg 2qmin ¼ 5, 2qmax ¼ 85





Fig. 7 In situ high-resolution XRD patterns for the GBH/2LiBH4
composite.
Fig. 8 Ex-situ XRD patterns for the GBH heating in argon.
Fig. 9 11B NMR data for LiBH4 (i), GBH (ii), and the GBH/2LiBH4
composite (iii); the latter has also been heated to 150 C (iv) and
300 C (v).





































































Based on the above results, the proposed reaction pathway for
GBH/LiBH4 is illustrated in Fig. 11, where M
n+ is Li+ in this
study. On mixing GBH with LiBH4, complexation between them
occurs, resulting in B–H and N–H bonds that are in contact on
a molecular scale, allowing close H/H contact (shorter than 2.4
A) in the LiC(NH2)3(BH4)2 structure, which tends to promote
hydrogen release in this system. During the dehydrogenation, the
combination of B–H and N–H proceeds more easily. The adding
of LiBH4 to GBH also contributes to the stability of the NH2
groups, thus reducing the ammonolysis of GBH to release
ammonia. In order to verify this belief, other borohydrides,
NaBH4 and Ca(BH4)2 were studied. In the case of NaBH4, no
complexation occurred between NaBH4 and GBH, resulting in
independent decomposition of GBH and excess NaBH4, while
clear complexation between Ca(BH4)2 and GBH were found,
leading to a similar dehydrogenation to that of the LiBH4/GBH
systems, suggesting the rationality of the proposed pathway. The
detailed results will be published elsewhere.
Conclusions
In summary, we have demonstrated that GBH is able to combine
with LiBH4 to form GBH/n(LiBH4) complexes. These novel
complexes exhibit exciting dehydrogenation properties, which
not only significantly suppress the emission of ammonia from
GBH, but also lead to lower dehydrogenation temperatures;
thereby enabling a fairly pure stream of hydrogen, starting at
around 60 C, during the thermal decomposition reaction, with
a hydrogen capacity of >10 wt.% for pure LiBH4/GBH below
250 C. Further investigation has revealed that balancing the
contributing hydrogen sources, represented by the N–H in GBH
and by B–H in LiBH4, together with the complexation of the two
hydrides, are the two key factors for improving the dehydroge-
nation in this system. Such revelations are expected to lead to
new strategies for designing future boron–nitrogen–hydrogen
systems with favourable dehydrogenation processes.
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